To analyse the power transmission process of herringbone gear train system supported by rolling element bearings more accurately, meshing stiffness calculation method is firstly developed through tooth load contact analysis. The model of mesh impact force and the approach to calculate the equivalent friction torque coefficient in mixed elastohydrodynamic lubrication state are sequentially derived. The twelve-degree-of-freedom herringbone gear vibration model is finally established. Upon the consideration of different supporting ways between pinion and gear shaft, dynamic loads on support bearings are calculated separately. Based on rolling element bearing dynamic model and internal load distribution on bearings, comprehensive analysis of the vibration transmission process in meshing gear pair, rolling element bearings, and internal walls of gearbox bearing holes is conducted. Under the real dynamic load boundary condition, harmonic response and transient response of gearbox are obtained correspondingly. To evaluate the proposed model approach, a rolling element bearings support herringbone gear system is adopted to do real closed power flow vibration test. Simulation and experimental results show that the theoretical analysis in this paper is scientific and reasonable to calculate the dynamic load transfer process, and the maximum relative deviation between the theoretical results and the experimental data is less than 15%.
INTRODUCTION
Herringbone gear sets, also known as double helical gear drives, are commonly used in transmission systems of marine, aerospace and other industrial equipment. They offer numerous advantages over general parallel-axis gear trains (i.e. helical gear and spur gear) including high bearing capacity, smooth transmission and small axial load. Most common examples of herringbone gear sets can be found in ship transmissions, jet engines, and helicopter drive trains. Dynamic loads between gear teeth are unavoidable in herringbone gear transmission, and it will also cause vibration of bearing and gearbox. 1-3 Dynamic analysis is the first step to solve the noise and vibration problems in the herringbone gear systems. 4 Owing to its widespread use in modern industry, dynamic health monitoring and early fault detection have attracted intensive investigations. 5 Therefore, a reasonable and reliable dynamic transmission model needs to be put forward to describe noise and kinetic quality of herringbone gear systems.
Dynamic characteristics of gear pairs and gearbox have attracted increasing research efforts over the years. Huang and Liu 6 treated a spur gear tooth as a variable cross-section Timoshenko beam to construct a dynamic model; dynamic responses of a single tooth and a gear pair were investigated. With the development of nonlinear dynamics, Theodossiades and Natsiavas 7 investigated dynamics of a gear-pair system involving backlash, and several types of periodic steady state response were identified by employing suitable methodologies. Based on the research of Shabaneh and Zu, 8 Kang and Hsu 9 presented a hybrid method to study the dynamic behaviours of a gear-rotor system with viscoelastic supports under effects of the residual shaft bow. Dynamic characteristic analysis of gearbox is also important for further mastering the stability of whole transmission system. Li et al. 10 simulated dynamical behaviour of a speed-increase gearbox by using the finite element (FE) method. Dbrowski 11 developed a multi-body dynamics model of the gears by MSC ADAMS software, and the simulations were conducted under different operation conditions. However, these studies did not establish a practical model to describe the whole vibration transfer process about gear transmission system. In general, there are two types of vibration transmitting analysis methods commonly used for gear system. The first one builds the complete FE model that include gear pairs, shafts, bearings and gearbox to simulate with initial boundary conditions. 12-14 The other one only set up a gearbox FE model, and calculates dynamic loads of each bearing hole through lumped mass method. [15] [16] [17] [18] The former method obviously will bring high computational cost and great difficulty in FE grid meshing. And some unique factors of meshing gears such as corner mesh impact cannot be obtained by simulation using general FE software. By contrast, the latter is relatively scientific and reasonable due to taking account both of the efficiency and precision. Generally, this type method needs to establish a precise vibration transfer model, but the existing models are much simplified, for example, the influences of inner ring, roller, and outer ring were neglected, the results with such simplification may not be of engineering significance. So one comprehensive approach which considers vibration transfer process from meshing teeth to rolling element bearings as well as gearbox urgently needs to be pro-
